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• The poisoning of Pt catalysts from sulfur compounds with sulfur in different oxidation states of, 2-, 3+ and 4+ was studied.
• Poisoned Pt catalysts can be renewed by consecutive potential cycling with an upper potential limit of 1.25 V versus RHE.
• XPS analysis has demonstrated the conversion of sulfur to sulfate during the voltammetric regeneration.
• Pt single-crystal electrodes revealed surface-structure sensitivity of the electrooxidation of the adsorbed sulfur species.
GRAPHIC ABSTRACT

INTRODUCTION
The deactivation of metal catalysts due to the adsorption of sulfur and sulfur-containing compounds is a great concern in many chemical industrial applications, e.g. the widely employed hydrogenation/dehydrogenation, hydrocracking, and the oxidation of hydrocarbons processes [1] [2] [3] [4] [5] . The deactivation leads to the replacement and disposal of precious metal catalysts (platinum group) [6] on a regular basis [1, 3] , with tremendous economic impact on the cost of the industrial process.
Elemental sulfur and sulfur-containing species are among the sources of such deactivation processes [1, 3, 7] . These species strongly adsorb on many metals and change their catalytic properties by blocking surface active sites [8] , modifying the electronic structure of the Pt surface [8, 9] , or changing the adsorption behaviour of reactants [10, 11] . The source of elemental sulfur and sulfur-containing species is diverse, e.g. the carbon support [12, 13] , the reactant feedstock [14] , and the solvent [3] . As such, there is a need to understand the poisoning process of a range of sulfur-containing species at a fundamental level and determine efficient ways to recover the activity of catalysts.
Previous studies have implemented electrochemical tools to remove adsorbed sulfur species from Pt via electro-oxidation [15] [16] [17] [18] [19] . So far, most studies in the literature have dealt with poisoning from sulfide (Na2S or H2S) [15] [16] [17] [20] [21] [22] [23] and SO2 [13, [24] [25] [26] [27] . The extensive and repetitive use of cyclic voltammetry over a wide potential range has been shown to lead to essentially complete removal of sulfur species, due to the formation of (bi)sulfates, which are soluble in water and do not bind irreversibly at Pt surfaces [28] [29] [30] .
The overall oxidation reaction of Na2S (or H2S) to SO4 2- These are multistep complex processes, and the reaction pathway depends on reaction temperature [31, 32] , sulfur coverage (S) [22] , the presence of oxygen [19, 28] and applied oxidation potential limit [33, 34] . Ramaker et al. reported the potential-dependent oxidation of sulfur species on Pt and Pt3Co supported nanoparticles [30] . Using X-ray absorption spectroscopy, the authors suggested that at high potentials (E 0.6 V vs reversible hydrogen electrode (RHE)), the adsorption of O or OH species was essential for the oxidation of sulfur species to (bi)sulfates. The oxidation was followed by the desorption of (bi)sulfate species at lower potential. As a result, consecutive potential cycling produced free Pt sites in each cycle, assisting the removal of sulfur species. Surface spectroscopy analysis, such as Auger electron spectroscopy [17, 28] , in situ X-ray photoelectron spectroscopy (XPS) [13, 29] , surface enhanced Raman spectroscopy (SERS) [21, 22] , and Fourier Transform Infrared (FTIR) spectroscopy [35] [36] [37] have also been implemented in order to provide further evidence of the chemical state of sulfur during electrochemical-oxidation processes.
The poison effect of a broad variety of sulfur species, e.g.
is not yet well known. Understanding the potential and surface-structure dependence of the oxidation of different sulfur species at platinum electrodes would give new insights into the general electro-oxidation mechanisms, and allow identification of new ways to avoid poisoning and for electrochemical recovery of poisoned Pt catalysts.
In this work we report on the irreversible adsorption of sulfur-containing species and the subsequent electrochemical regeneration of polycrystalline Pt, Pt single-crystal and Pt nanoparticles (PtNPs) supported on carbon electrodes. Studying this range of Pt-based materials is important because the structure of Pt surfaces also has an impact on the adsorption [38] and regeneration of Pt surfaces [12, 13, 28, 39] . This study investigates a wide range of sulfur-containing species: Na2S, Na2S2O4, Na2S2O5, Na2SO3 and SO2. The regeneration of the active sites of the Pt electrodes was achieved by potential cycling in sulfuric acid solution and the chemical nature of adsorbed species was determined by ex situ XPS.
EXPERIMENTAL
Chemicals and Materials. Sulfuric acid (96% Suprapur®, Merck), Na2S9H2O ( 99.99 %, Sigma-Aldrich), Na2S2O4 (85 , Sigma-Aldrich), Na2S2O5 (  93 , Fisher Chemicals), and Na2SO3 (ACS reagent, anhydrous,  98.0 %, Sigma-Aldrich) were used as received. A solution containing 0.1 M SO2 was prepared by adding the required amount of Na2SO3 in 10 mL acid solution (H2SO4). All aqueous solutions were freshly prepared before each experiment from ultra-pure water (Millipore Corp., 18.2 M cm resistivity at 25 C).
Preparation of electrodes.
Three types of working electrodes were used in this work:
polycrystalline Pt foils, PtNPs on Vulcan carbon modified glassy carbon electrodes (PtNP/C), and Pt single-crystal electrodes.
Pt foil electrode. Pt foil (> 99.95 %, 0.125 mm thickness; Advent Research Materials) electrodes were made by hanging a piece of foil on a thin Pt wire (diameter 250 m), with the wire inserted into a glass tube. The surface area was controlled to an approximate extent, by only immersing the foil in the electrolyte solution. The current densities reported in this worked were normalized to the electrochemical surface area (ECSA) of each electrode, which was determined from a fully regenerated (clean) CV. In each ease, the ECSA was calculated by integrating HUPD region of a clean Pt CV and using the theoretical value of 210 C cm -2 for the formation of a hydrogen monolayer [40] .
PtNP/C. Commercial 20 % wt Pt/C Vulcan (ETEK) was deposited on a substrate electrode, following a method as described elsewhere [41] . The catalyst ink was diluted with water and had a final concentration of (7.00 ± 0.01) 10 -2 g L -1 of Pt [42] . A rotating disk electrode (RDE) with a glassy carbon electrode inset (RDE, 5 mm diameter, Pine Instrument) was hand-polished on a cloth impregnated with an aqueous suspension of 0.05 m alumina particles, followed by thorough rinsing with ultra-pure water. The freshly cleaned RDE was then mounted onto the inverted shaft of an electrode rotator and a droplet of 35 L catalyst ink was drop-casted onto the substrate. To obtain a homogenous film, the RDE was rotated at 700 rpm for 1 h until the film was completely dry. An optical microscopic image of a typical dried electrode is provided in Supporting Information (Section S1). It can be seen that a uniform deposit of catalyst was achieved. The current density for each PtNP/C electrode was also normalized to its ECSA, following the same method for Pt foil electrodes.
Single-crystal Pt electrodes. Single-crystal measurements were performed on bead-type Pt single-crystal electrodes with surface orientations of (100), (111) and (221) (icryst, Jülich, Germany). Prior to each experiment, the electrodes were flame annealed by a butane torch for 1 min and cooled down in a H2/Ar atmosphere (ca. 1:3 in flow rate) for 1 min. Then, they were protected with deaerated ultra-pure water (with Ar), and transferred to the electrochemical cell in equilibrium with an Ar atmosphere. electrode (E 0 (Pd-H2) = 50 mV vs RHE) [43] . Unless otherwise indicated, all aqueous solutions were deaerated with nitrogen prior to electrochemical studies.
Experiments on single-crystal working electrodes were performed in a 2-compartment cell where the Pd-H2 reference electrode was connected via a Luggin capillary. All glassware used for single-crystal measurements was cleaned by immersing in an acidic solution of potassium permanganate overnight, followed by rinsing with ultra-pure water and pre-mixed cleaning fluid (1 mL H2SO4 and 3 mL H2O2 in 1 L water), then repeated heating and rinsing with ultra-pure water.
X-ray photoelectron spectroscopy (XPS) measurements. XPS measurements were made at room temperature (ca. 20 C) in the main analysis chamber of an Omicron Multiprobe ultrahigh vacuum instrument (base pressure 2  10 -10 mbar), with the sample being illuminated using an XM1000 monochromatic Al kα X-ray source (Omicron Nanotechnology) at a take-off angle of 90° with respect to the sample surface. The photoelectrons were detected using a Sphera electron analyzer (Omicron Nanotechnology), with the core level spectrum recorded using a pass energy of 10 eV (resolution approx. 0.47 eV). The Pt foils investigated in this study were mounted on Omicron sample plates using electrically-conductive carbon tape and loaded into the fast-entry chamber. Once a pressure of less than 1 x 10 -7 mbar had been achieved (approx. 1 hour), the samples were transferred to a 12-stage storage carousel, located between the preparation and main analysis chambers, for storage at a pressure of less than 2  10 -10 mbar. The data were analyzed using the CasaXPS package, using Shirley backgrounds, mixed
Gaussian-Lorentzian (Voigt) line shapes and asymmetry parameters where appropriate. All binding energies were calibrated using the Fermi edge of a polycrystalline Ag sample, measured immediately prior to commencing the measurements. Compositional accuracy was ensured by calibrating the transmission function of the spectrometer using a variety of clean metal foils.
In order to minimize contamination of the samples due to exposure to air, all samples were prepared immediately before the XPS analysis, rinsed with ultra-pure water and transferred to the XPS chamber directly after the electrochemical treatment (within 1 minute).
RESULTS AND DISCUSSION
Electrochemical characterization of clean and sulfur-poisoned polycrystalline Pt electrode
Polycrystalline Pt foil electrodes were investigated first. In this work, five sulfur compounds, Na2S, Na2S2O4, Na2S2O5, Na2SO3 and SO2, were evaluated. [44, 45] and (ii) the potential region between 0.70  1.25 V associated to the formation and reduction of surface oxides [44, 45] . Fig. 1a highlights the significant difference in the voltammetric profile between a clean Pt surface and one treated with Na2S. Clearly, after Na2S treatment (experimental section), the features associated to
Hads/Hdes and surface oxide formation/reduction of a clean Pt polycrystalline surface were completely suppressed. In contrast, for Pt foils modified by Na2S2O4, Na2S2O5, Na2SO3 and SO2 ( Fig. 1b-1e ), the Hads/Hdes features are partly retained, indicating the Pt surfaces were only partially blocked by treatment with these sulfur compounds on the same time scale of 5 minutes. This might suggest the adsorption of these species requires a specific atomic assembly [46] .
For surface modified Pt electrodes, at potentials higher than 0.9 V, sharp oxidation features were observed in all cases ( Fig. 1 , solid line). This can be assigned to the electrooxidation of adsorbed sulfur-moieties, Sads, formed at the Pt surfaces. The fractional coverage of these sulfur species (S), can be determined using [15, 16] :
where QH 0 and QH S are the hydrogen charge density of a clean and poisoned Pt surface, respectively. In this paper, QH 0 of 210 C cm -2 is used. , and the sulfur coverage S calculated for each species are listed in Table 1 . S: sulfur species coverage (as determined by equation (3)).
Electrochemical regeneration of sulfur-modified polycrystalline Pt electrodes
The regeneration of sulfur-modified Pt electrodes was conducted by consecutive potential cycling, with an upper potential limit of 1.25 V. Each cycle resulted in the partial oxidation/desorption of sulfur-containing adsorbates from the Pt surface. Regeneration CVs for each of the sulfur-modified electrodes are shown in Fig. 2a-2e .
As can be seen, in all figures, upon consecutive cycling up to 1.25 V, the features associated to the Hads/Hdes on the Pt electrode gradually reappear with increasing cycle number. Fig. 2a shows CVs for the regeneration of a Pt electrode modified in a Na2S solution. Besides the increase of Hads/Hdes current, there is an also an increase of the oxidation current at potentials higher than 0.8 V. This current is associated with the oxidation of the adsorbed sulfur species but is also due to the formation of surface oxides e.g. OHads and Oads [44] . Simultaneously with the increase of the anodic currents, the voltammetric profile also displays an increase of current associated to the reduction of platinum oxides. It is important to notice that after 15 cycles, the current in the potential region between 0.78 and 1.13 V continues to increase with cycle number, while the current at potentials higher than 1.13 V starts to decrease. Such behaviour results in the appearance of an isopotential point (Eiso) at 1.13 V. The Eiso herein is consistent with those reported in the literature [17] . We propose that the Eiso corresponds to a change in In contrast to the surface modification with Na2S, results for a Pt electrode immersed in Na2S2O4 (b), Na2S2O5 (c), Na2SO3 (d), and SO2 (e) showed lower degrees of sulfur coverage, S, and quicker recovery. After 25 cycles, the CV profiles at regenerated Pt electrodes were essentially identical to the clean ones. A similar isopotential point was also observed during regeneration for these species at potentials close to 1.10 V, suggesting the oxidation processes (and thus the adsorbed species) are similar in all cases.
In order to provide a quantitative analysis of the oxidation process of the adsorbed species, the charge densities associated to the hydrogen adsorption, in the cathodic sweeps were plotted as a function of voltammetric cycle number. Notably, in Fig. 3 , the first data point is after the first anodic stripping. Combining results in Fig. 2 and 3 , it is clear that the change of hydrogen charge density strongly depends on the nature of the sulfur compound. For Na2S treated surfaces, the recovery was slow during the first 15 cycles. Afterwards, the charge grows rapidly and slows down again after 30 cycles. For all other species, the hydrogen charge increases rapidly in the first 10 cycles and reaches a plateau after 23 cycles. The slow regeneration of Pt electrodes after exposure to Na2S has been observed in previous studies [11, 28] .The slow recovery at high S means that few OH adsorption sites are available on the surface during the first few cycles, but as more free Pt sites are created, which increases the number of OH species adsorbed, there is a sharp increase in the oxidation rate of S 2-species on the surface.
XPS investigation of the regeneration of sulfur-modified Pt electrodes
XPS analysis was performed at different stages of the recovery process, to determine the nature of the intermediates species during the oxidation reaction. The three stages are: i)
as-prepared (directly after poisoning); ii) after a few voltammetric cycles (partially regenerated) iii) after more extensive cycling. Fig. 4 compares the XPS spectra from the S 2p energy level for polycrystalline platinum modified in a Na2S solution. In the spectrum of the as-prepared electrode (Fig. 4a) Tong et al. [22] , who reached similar conclusion using surface-enhanced Raman spectroscopy and by Wieckowski's group from high-resolution Auger electron spectroscopy (AES) and corelevel electron-energy loss spectroscopy (CEELS) [28] . Full survey spectra covering binding energy range of 0  1400 eV and the element analysis are shown in the Supporting Information (Sections S2 -S4) and demonstrate the changes of the relative concentrations of elements during potential cycling.
The spectrum in Fig. 4b corresponds to a partially regenerated electrode, after 15 voltammetric cycles up to an anodic limit of 1.25 V. For this sample (II), the band intensity at 162.5 eV has decreased in comparison with sample I. Meanwhile, a new band at 168.9 eV appears, which can be assigned to sulfates/sulfites. Due to their close energy levels, XPS is not capable of differentiating between the two species [47] . Nonetheless the change of the XPS spectrum in Fig. 4b , relative to that in Fig. 4a , clearly indicates that adsorbed S 2-was oxidized to sulfates/sulfites through voltammetric cycling [29] .
After 50 cycles, the XPS spectrum of sample III (Fig. 4c) shows a significant decrease of the signal at 162.5 eV and the band at 168.9 eV has disappeared, indicating the removal of sulfate/sulfite groups. The integrated values of the bands associated to the sulfur species at the three different regeneration stages are summarized in Table 2 . The bond energies of S 2p3/2 peaks are summarized in Supporting Information (Table S2) . For Pt foil modified by Na2S, after 15 cycles, the ratio of Stotal/Pt remains almost unaltered (see Table 2 ). However, the percentage of sulfate(sulfite) has increased from 6.18 % to 54.64 %, confirming the oxidation of Sads to these species. After 50 cycles, the ratio of Stotal/Pt decreased further to 4.04 % and the amount of sulfate/sulfite has also decreased, suggesting the desorption of sulfur-containing species that are soluble in water. The increase of S 2- , by proportion, on sample III is not associated to an increase of the S 2-adsorbed, but to a decrease of the total amount of sulfur species adsorbed (Stotal). Fig. 4 , the spectrum for the as-prepared Pt electrode shows a more intensive contribution at 168.9 eV, attributed to the sulfate and sulfite species present on the surface. In Fig. 5a , the deconvolution of the band at 163.0 eV also shows trace amount of S 0 and S-S. As the regeneration process takes place, the band intensity at 163.0 eV has decreased substantially after five cycles (Fig. 5b ) and disappeared after 25 cycles. At a regenerated Pt surface (Fig. 5c ), only sulfates (SO3 2-or SO4 2- ) can be found on the surface (see Table 2 ). (Table S2) .
Electrochemical characterization of sulfur-modified Pt single-crystal electrodes
In order to further elucidate the nature of the adsorbed species, the voltammetric regeneration experiments were performed on three different types of Pt single-crystals, with orientation (100), (111) and (221) [Pt(3) (111) × (110)]. The purpose of these experiments was to provide insights into the surface-structure sensitivity of the oxidation reaction of adsorbed sulfur species. Measurements focused on Na2S-treated surfaces, as the studies on polycrystalline Pt, reported above, revealed this as the most difficult species to remove. For comparative purpose, further measurements were made on Na2SO3 treated-surfaces (see
The open circuit potential upon immersion of the electrode in the Na2S and Na2SO3 solution was measured as a function of time in independent experiments ( Figure S5 ). The solutions were air-saturated in order to reproduce the conditions used during the modification/oxidation experiments. These measurements allowed us to study the dynamics of the charge transfer process during the poisoning of the electrode surface. It was observed that upon immersion the OCP shifted rapidly (< 20 s) to less positive potentials for both singlecrystals electrodes in the Na2S and Na2SO3 solutions. Similar behaviour has been observed for the adsorption of thiols on gold electrodes [48] . After the rapid change, the OCP reached a plateau during the rest of the measurement (+ 40 s). This suggests that on the small surface area of the single-crystal electrodes, the surface poisoning takes place within the first 30 s. The observed shift of the OCP is attributed to the accumulation of negative charge on the electrode through the donation of electron density from sulfur species to the platinum electrode. The slope of the change of the OCP with time indicates that the rate of adsorption is almost independent of the surface structure for the Na2S, but is faster on the Pt(111) for the Na2SO3.
The magnitude of the shift of the OCP, for both Pt(111) and Pt(100) is larger for the modification of the electrode in Na2S in comparison with the modification with Na2SO3.
Although, the relative change of the magnitude of the OCP could be associated to the maximum coverage of the species in both crystallographic structures, other factors such as the surface dipole of the adsorbed species, rearrangement of the water layer, ionic distribution across the double-layer region may affect the change in the OCP magnitude. In addition, the effect of different amounts of dissolved oxygen in the solution for each experiment cannot be ruled out since at these potentials Pt electrodes are active towards the oxygen reduction reactions, which would affect the OCP measurement. At more positive potentials, the surface oxidation/reduction of the Pt single-crystal takes place.
As a result of the high potential limits, the surface structure is disturbed and the fingerprints associated to Hads on each surface structure are affected [51] . This can be seen from the cathodic sweep of the blank CVs (particularly on Pt(100) and Pt (111) On Pt(100), in the first anodic sweep, the oxidation of Sads starts at 0.93 V, followed by a pre-wave at 1.15 V and a sharp peak centered at 1.36 V. It is important to notice that the onset of Sads oxidation starts at a more positive potential than the oxide formation on bare Pt(100) (0.8 V). Upon the first cathodic scan, the charge associated with oxide reduction, between 0.65 and 0.95 V on a modified Pt surface, is identical to the blank CV, suggesting a (near) complete removal of the Sads. However, the features at low potentials (0.0  0.4 V) are more complex. First, although there is a clear sign of Sads removal during the anodic scan, the Hads charge for the first CV is still significantly lower than for the blank CV. Furthermore, the charge for Hads in the first cathodic and Hdes in the second anodic sweep are different. Both features indicate that an adsorption of solution species other than protons has taken place in the low potential region, which blocks Pt active sites. These adsorbed species are presumably reaction intermediates or products from Sads oxidation.
In the second scan, the onset of Sads oxidation appears at a lower potential and coincides with the onset of the oxidation of a bare electrode (0.80 V vs RHE). Interestingly, besides the large charge contribution observed in the second oxidation cycle, the Hads current in the second cycle does not change significantly with respect to the first one. This suggests that the products from Sads oxidation remain strongly adsorbed on the Pt(100) surface, which are difficult to oxidize further upon cycling between 0.0  1.5 V vs RHE. This is also evidenced by the stability of the CVs and lack of further recovery of the surface even after 3 oxidation cycles (Supporting Information, Fig. S6 ).
In Fig. 6b and 6c, the voltammetric profiles for Sads oxidation on the Pt (111) and Pt(221) electrode are significantly different to Pt(100). At Pt(111) and Pt(221), the onset for Sads oxidation appears at 0.9 V, and the CVs show a broad peak centred at 1.43 V. Due to the shift of the oxidation peak towards more positive potentials, the upper potential window was increased up to 1.65 V. In contrast to our results, previous studies on the oxidation of sulfur on Pt(111) showed a sharp peak centred at 1.0 V vs RHE in H2SO4 solution [28, 32] . This is because the Sads adlayer is sensitive to the adsorption potential, Na2S concentration and deposition time, which differ between these studies. A slight increase of the oxide reduction and Hads charge in the cathodic sweep indicates the partial recovery of the Pt surface, due to the oxidation of the Sads. However, as in the case of Pt(100), the small charge of Hdes in the first cycle suggests that reaction products adsorb and block the surface. The second cycle, however, results in a significant recovery of free Pt adsorption sites, as reflected by the increase of the Hads/Hdes charge.
Interestingly, in contrast to the results observed on Pt(100), the Pt free sites are fully recovered on the Pt(111) and Pt(221) surfaces after 4 cycles (Supporting Information, Figure   S5 ). It is important to highlight that the electrochemical surface area (ECSA) of the Pt (111) after 4 oxidation cycles changes, due to an increase in the quantity of surface defects [52] . On the first anodic sweep of the Pt(100) surface, a pre-wave between 0.5 and 1.1 V and a broad peak at 1.20 V are observed. The voltammetric profiles of the Pt(100) surface after Na2SO3 modification also reveal an increase of the apparent double-layer and reduction currents in the low potential region (≤ 0.5 V). Combined with the surface structure change due to the high potential limit (1.45 V), it is difficult to be conclusive on the full oxidation of the SO3 2-species and the full recovery of the free Pt sites. However, it is reasonable to suggest that the increase of the double layer current and the reduction currents are associated to the adsorption/reduction of the reaction products due to the oxidation of SO3 2-species.
The oxidation of the adsorbed species on the Pt (111) surface during the first voltammetric cycle takes place at E > 1.2 V with a maximum current density at 1.45 V. This oxidation potential is significantly higher than that observed on Pt(100). As evidenced by the presence of Hads features on defects sites in the cathodic scan (peaks at 0.12 and 0.29 V in Fig.   7b and in Figure S4 ), the oxidation of the adsorbed sulfur species at high potentials was also accompanied by the formation of surfaces oxides that disturbed the long-range order of the electrode. The second cycle features a new oxidation peak in the anodic sweep at potentials > 0.9 V vs RHE and an increase of the Hads charge in the cathodic scan. Furthermore, the oxidation of the adsorbed sulfur species was complete after two potential cycles.
Electrochemical characterization of sulfur-modified Pt nanoparticles supported on carbon (PtNP/C)
The electrochemical behavior of sulfur species was also elucidated on PtNPs supported on Vulcan carbon (20 wt % Pt), as an example of a practical carbon-supported Pt catalyst. The voltammetric profiles of PtNP/C electrodes before and after sulfur modification with five different sulfur containing species: (a) Na2S, (b) Na2S2O4, (c) Na2S2O5, (d) Na2SO3 and (e) SO2
are shown in Fig. 8 . The CVs were similar to those for polycrystalline platinum foil electrodes ( Fig. 1) , where the Hads/Hdes is suppressed due to the adsorption of the sulfur species. Hydrogen charge, QH, for each PtNP/C electrodes was calculated in a similar way as in Table 1 and the results are summarized in Table 3 . Quantitative analysis of the oxidation process of the adsorbed species on the PtNP/C is shown on Fig. 10 , in terms of Hads/Hdes charge as a function of cycle number. It can be seen that upon surface modification, the Hads/Hdes features of the PtNP/C electrodes have been strongly supressed in all cases. In addition, similar to the regeneration curves obtained for the Pt foil, the PtNP/C electrode modified by Na2S shows an initial slow recovery, then followed by the more a rapid recovery of the free active sites. In the case of Na2S2O5, Na2SO3 and SO2 modification, the hydrogen charge reached full recovery after only 20 cycles (see Fig. 10 ), while the PtNP/C modified with Na2S2O4 and Na2S required 30 and 40 cycles, respectively, to reach a plateau. Noticeably, for all electrodes, the final charge densities after 50 cycles are lower than that for a clean Pt surface (210 C cm -2 ). This partial recovery might be attributed to other impurities for the Vulcan carbon support, which are difficult to remove by cycling up to 1.25 V. 
CONCLUSIONS
In this work, we have studied the electro-oxidation of sulfur-containing species adsorbed at various types of Pt electrodes, namely polycrystalline Pt foil, Pt single-crystals and Pt nanoparticles supported on Vulcan carbon (PtNP/C). A number of sulfur compounds with different oxidation states were considered: Na2S, Na2S2O4, Na2S2O5, Na2SO3 and SO2. We have shown that all the Pt electrodes are sensitive to sulfur poisoning. The results on the polycrystalline Pt electrode suggest that the degree of poisoning and the rate at which the electrode is recovered upon electrochemical oxidation is associated to the oxidation state of sulfur, with 2+ being the strongest poison (most difficult to recover), 3+ less strong, and 4+ the weakest (easiest to recover). In addition, on Pt nanoparticles, the initial surface coverage was higher than on the Pt polycrystalline electrodes. The larger coverage of the sulfur species on the Pt nanoparticles can be associated to other factors such as high density of low coordinated atoms and defects in comparison with extended polycrystalline surfaces [53] . For these two types of electrodes, the poisoned Pt surface can be regenerated by consecutive potential cycling, with an upper potential limit of 1.25 V vs RHE. The recovery rate of the Pt free sites is strongly related to the nature of the adsorbed species. We have compared electrochemical
and XPS data to elucidate the chemical state of sulfur species during the recovery process and found the final reaction product is sulfate.
The studies on Pt single-crystal electrodes revealed a strong surface-structure dependence on both poison and regeneration process. For surfaces modified by S 2- , the most active surface towards Sads oxidation was Pt(100), while both (111) and (221) showed similar oxidation behavior. In the case of Na2SO3 modification, the stepped surface (221) showed minimal adsorption while Pt(111) and Pt(100) showed a strong poisoning effect, suggesting that the adsorption of SO3 2-requires some minimum terrace length. Importantly, the findings in this study may guide the development of catalysts which are less prone to poisoning and the advance of novel methods for catalyst regeneration. 
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